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Abstract High-resolution geophysical data have been collected using the Autonomous Underwater
Vehicle (AUV) Sentry over the ASHES (Axial Seamount Hydrothermal Emission Study) high-temperature
(~348°C) vent ﬁeld at Axial Seamount, on the Juan de Fuca Ridge. Multiple surveys were performed on a 3-D
grid at different altitudes above the seaﬂoor, providing an unprecedented view of magnetic data resolution
as a function of altitude above the seaﬂoor. Magnetic data derived near the seaﬂoor show that the ASHES
ﬁeld is characterized by a zone of low magnetization, which can be explained by hydrothermal alteration of
the host volcanic rocks. Surface manifestations of hydrothermal activity at the ASHES vent ﬁeld are likely
controlled by a combination of local faults and fractures and different lava morphologies near the seaﬂoor.
Three-dimensional inversion of the magnetic data provides evidence of a vertical, pipe-like upﬂow zone of
the hydrothermal ﬂuids with a vertical extent of ~100m.
1. Introduction
Axial Seamount Hydrothermal Emission Study (ASHES) is an active hydrothermal vent ﬁeld located near the
southwestern caldera wall of Axial Seamount [e.g., Hammond, 1990; Hammond and Delaney, 1985; Desonie
and Duncan, 1990; Embley et al., 1990], ~300 km from the Oregon coast at the intersection of the Juan de
Fuca Ridge and the Cobb-Eickelberg Seamount Chain [Embley et al., 1990].
The elongated shape of Axial caldera (Figure 1) reﬂects the combined effect of a radial stress pattern (i.e., the
Cobb-Eickelberg hot spot) with a linear stress ﬁeld (i.e., the Juan de Fuca mid-ocean ridge) [e.g., Delaney et al.,
1981; Crane et al., 1985; Embley et al., 1990]. Axial Seamount has experienced several recent eruptions (i.e.,
1998, 2011, and 2014), with the ﬁrst real-time visual observations made in 1998 [e.g., Baker et al., 1999;
Embley et al., 1999]. Subsequent to the 1998 eruption, Axial Seamount has been continuously monitored
and has shown a pattern of inﬂation-deﬂation cycles which allowed Chadwick et al. [2006] and Nooner and
Chadwick [2009] to predict an eruption event before 2014/2020; eruptions have since occurred in 2011
and again in 2014 [e.g., Caress et al., 2012; Chadwick et al., 2012; Dziak et al., 2012].
The Axial Seamount lavas are mid-ocean ridge basalt showing some composition differences relative to other
lavas along the rest of the Juan de Fuca Ridge [Rhodes et al., 1990]. The complex volcanic history of this
volcano is reﬂected in the intracaldera distribution of eruptive vents/ﬁssures and variations in lava types
(pillow, lobate, ropy, and jumbled sheet) [e.g., Embley et al., 1990; Hammond, 1990; Karsten and Delaney,
1991; Chadwick et al., 2005; Clague et al., 2013].
Low-temperature hydrothermal venting at Axial Seamount was discovered in 1983 at the CASM (Canadian
American Seamount Expedition) ﬁeld [Canadian American Seamount Expedition, 1985; Hammond, 1990],
and high-temperature venting was ﬁrst observed in 1984 in the southwest part of the caldera inside the
ASHES vent ﬁeld [Malahoff et al., 1984; Baker et al., 1990; Hammond, 1990].
Axial Seamount has since then beenmapped in detail, and hydrothermal vents and associatedmineralization
have been discovered in several places near the caldera [e.g., Hannington and Scott, 1988;Massoth et al., 1989;
Hammond, 1990; Embley et al., 1990; Feely et al., 1990; Clague et al., 2013]. Very intense, short-term (<3weeks)
hydrothermal activity was also measured at the SONNE vent ﬁeld simultaneously with the volcanic eruption
of 1998 [Baker et al., 1999].
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ASHES is characterized by a 1000×200m2
area (Figure 1) of mostly low-temperature
(<35°), diffuse venting [Hammond, 1990;
Embley et al., 1990; Butterﬁeld et al.,
1990, 2004]. However, an almost circular
area ~100m diameter located at the
northern end of the vent ﬁeld (solid
white circle in Figure 1) is characterized
by high-temperature (up to 348°C), vigor-
ous venting (Figure 2) together with
extensive diffuse ﬂow [Butterﬁeld et al.,
1990; Kelley et al., 2014; Mittelstaedt
et al., 2016].
Faulting along the caldera wall appears
to provide the main structural control
to the ASHES vent ﬁeld [Embley et al.,
1990]. While low-temperature venting
has been found on the caldera wall,
adjacent to the high-temperature area
shown in Figure 2 and in some places
at the intersection between the caldera
wall and caldera ﬂoor [Embley et al.,
1990], most venting occurs relatively
far from the caldera walls, implying that
other subsurface and local permeability
controls shape the hydrothermal system
at ASHES. For example, intense, focused
venting correlates with a spatial distri-
bution of lava types (i.e., sheet ﬂows
and pillow ﬂows) that have inherently
different permeabilities [Hammond, 1990].
Previous geophysical investigations at
Axial Seamount consisted of shipborne
magnetic surveying [Tivey and Johnson,
1990] and similarly, surveying gravity from sea level and on the seaﬂoor [Hildebrand et al., 1990]. These stu-
dies showed the existence of large areas of both low magnetization and low density, which are consistent
with the presence of an active magma chamber and zones of highly porous, hydrothermally altered crust.
More recently, near-seaﬂoor gravity data were collected at the ASHES vent ﬁeld by Gilbert et al. [2007] that
show a correlation between low-density anomalies and the presence of hydrothermal alteration.
1.1. Seaﬂoor Magnetic Surveys: Acquisition and Processing
Magnetic data were collected by Sentry [Kinsey et al., 2011] using a detailed, 3-D grid over the high-
temperature venting area at ASHES (Figure 2; Sentry dives #271–275), during a joint Deep Submergence
Vehicle Alvin/AUV Sentry cruise on board the R/V Atlantis in July 2014.
Four grids with the same lateral extent were collected at different altitudes (10, 20, 40, and 60m) above the
seaﬂoor (Figure 3a), because one of the main objectives of the Sentry mission was to perform accurate mea-
surement of the overall hydrothermal heat and volume ﬂux from the ASHES vent ﬁeld bymeasuring tempera-
ture anomalies at different elevations.
It is interesting to note that potential ﬁeld theory predicts that complete knowledge of magnetic ﬁeld on an inﬁ-
nite horizontal surface is sufﬁcient information to calculate the magnetic ﬁeld at higher elevation by a process
known as upward continuation [e.g., Blakely, 1995, and references therein]. At ASHES, however, we compared
upward continued anomalies at 20–40 and 60m with the observations and they are not identical. The theory
Figure 1. Map of Axial caldera and location of the ASHES, CASM, and
SONNE vent ﬁelds (white dashed lines). The solid white circular area
located inside the ASHES vent ﬁeld indicates the area of high-temperature
venting (Figure 2), over which magnetic survey was conducted. EM300
bathymetric data sets used in the Axial grid compilation are from theMBARI
Cleft-Axial (1998) cruise and from the following NOAA VENTS cruises:
TN149 (2002), TN160 (2003), TN173 (2004), TN199 (2006), and TN253 (2010).
Inset shows the location of Axial Seamount (AS), Juan de Fuca Ridge (JDFR),
Blanco Fracture Zone (BFZ), Cascadia subduction zone (line with triangles),
the Oregon (OR) and Washington (W) States, and Paciﬁc (PP), Juan de Fuca
(JDFP), and North American (NAP) tectonic plates [Bird, 2003].
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fails to accurately predict the observations
because the effect of the regional mag-
netic ﬁeld is not properly described in
the small survey area which is far from
being an inﬁnite horizontal surface.
The data were corrected for the magnetic
effect produced by the vehicle bymeasur-
ing the magnetic ﬁeld of the vehicle dur-
ing the ascent/descent to and from the
seaﬂoor [e.g., Tivey and Johnson, 2002;
Caratori Tontini et al., 2012a]. The mag-
netic data were not corrected for the diur-
nal correction because no base station
data were available in proximity of the
survey area [e.g., Faggioni and Caratori
Tontini, 2002]. However, the Victoria
Intermagnet Observatory shows that the
survey was conducted during magneti-
cally quiet days, with diurnal variation in
the range ±50nT, which is less than 2%
of the amplitude of the magnetic anoma-
lies measured over the ASHES vent ﬁeld
(Figure 3). Total intensity magnetic
anomalies were obtained by subtracting
a local polynomial reference ﬁeld from
the International Geomagnetic Reference
Field [Finlay et al., 2010] and ﬁnally
reduced to the magnetic pole.
The 10m elevation magnetic anomaly grid (Figures 3b and 3c) was inverted to derive the distribution of
subseaﬂoor magnetization using the 3-D algorithm described in Caratori Tontini et al. [2012b]. This method
is based on a discretization of the subseaﬂoor into a 3-D grid of small prismatic cells so that a complex
distribution of magnetization ﬁtting the magnetic observations can be obtained.
This process is characterized by nonuniqueness and ambiguities which can be reduced by introducing
external constraints in the inversion process, with a summary of the main constraints as follows:
1. The magnetization direction is assumed to be in the direction of the ambient geomagnetic ﬁeld, i.e.,
inclination 66° and declination 16°.
2. Lower and upper bounds are imposed on the magnetization values in the range (0–10) A/m, which is a
reasonable assumption for volcanic rocks younger than the last geomagnetic polarity reversal of
~0.7Ma [Johnson and Atwater, 1977].
3. A sharp, focused solution is obtained by minimizing the misﬁt between observed and calculated anoma-
lies and by minimizing the volume of the regions where the gradient of the magnetization distribution
signiﬁcantly differs from zero.
These constraints are particularly effective whenmapping zones of hydrothermal alteration where we expect
a sharp contact between hydrothermally altered zones and fresh volcanic rocks [Caratori Tontini et al., 2012b,
2013]. A 3-D magnetic model can be obtained from the inversion of the magnetic data in Figure 3 by using
the 5A/m magnetic isosurface (i.e., half of the magnetization range of 10 A/m) to delimit the upﬂow zone at
the ASHES vent ﬁeld (Figure 4).
2. Discussion
Near-seaﬂoor magnetic surveys provide a uniquemethod for mapping hydrothermal alteration in the submar-
ine environment [e.g., Tivey and Johnson, 2002; Tivey and Dyment, 2010; Tivey et al., 2014; Honsho et al., 2013;
Figure 2. Map of the high-resolution (0.25m) bathymetry of the survey
area, with high-temperature vents (black circles). The solid white circular
area located inside the ASHES vent ﬁeld in Figure 1 encompasses the
high-temperature vents. The bathymetry was collected at an altitude of
10m above the seaﬂoor using a RESON 7125 Seabat Sonar.
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Fujii et al., 2015; Szitkar et al., 2015a, 2015b]. Young oceanic crust is characterized by strong magnetization
caused by magnetite and titanomagnetite minerals within the lavas. Water/rock interaction between hydro-
thermal ﬂuids and the volcanic host rocks during ﬂuid circulation can drastically reduce the magnetization of
the host volcanic rocks as the magnetite is replaced by less magnetic minerals such as pyrite [e.g., Ade-Hall
et al., 1971; Johnson and Atwater, 1977; Rona, 1978]. Seaﬂoor hydrothermal systems hosted in basaltic rock
are, therefore, expected to be characterized by signiﬁcant negative magnetic anomalies relative to the back-
ground [e.g., Tivey et al., 2014; Szitkar et al., 2015a].
This pattern is clearly visible in the 10m altitude grid shown in Figure 3c, where a distinct negative magnetic
anomaly of ~2000 nT amplitude is centered over the high-temperature vent sites of Figure 2. However, this
negative anomaly becomes progressively less pronounced at higher altitudes above the seaﬂoor; it is barely
recognizable in the top grid at 60m above the seaﬂoor (Figure 3a). This effect is caused by the natural
attenuation of the magnetic ﬁeld with distance from the source. In the case of the ASHES vent ﬁeld, an
increase in the altitude of the vehicle from 10m to 60m above the seaﬂoor prevents clear detection of the
corresponding magnetic anomaly attributable to hydrothermal processes.
This strong decay of the amplitude of the magnetic ﬁeld with increasing elevation also suggests that the
demagnetized region caused by hydrothermal alteration is relatively shallow and thin. The distance at which
the magnetic ﬁeld decays is roughly of the same order as the depth interval in which the magnetic source is
conﬁned [Pedersen, 1991; Tivey, 1994; Gee et al., 2001]. This can be seen in the 3-D magnetization model
shown in Figure 4, where the depth range of the demagnetized body is ~100m.
Figure 3. Three-dimensional magnetic anomaly with varying altitude above the seaﬂoor and survey geometry (UTM zone
9 N projection, coordinate units are m). (a) Magnetic grids at 10, 20, 40, and 60m above the seaﬂoor, respectively. The white
circles are the hydrothermal vents shown in Figure 2. (b) Sentry survey lines at 10m above the seaﬂoor. (c) Detail of the
inverted magnetic grid at 10m above the seaﬂoor and high-temperature vents.
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The shape of the demagnetized body underlying the ASHES vent ﬁeld is roughly elongated along a 15°
azimuth relative to a N-S direction (Figure 4a), similar to the orientation of the observedmagnetic anomaly in
Figure 3c. This orientation is the same as the structural lineations marking segmented faulting that has been
observed elsewhere in the caldera wall and ﬂoor and is parallel to the spreading axis of the Juan de Fuca
Ridge [Embley et al., 1990; Hammond, 1990]. This seems to indicate linear stresses with a “rifting” component.
The location of the vent site close to the caldera wall suggests, however, that high-permeability zones
associated with caldera faults are also primary conduits for the vent ﬂuids, together with other large-scale
permeability structures (e.g., ﬁssures and buried ﬁssures).
A smaller and shallower inclined demagnetized upﬂow zone is located 50m north of the main hydrother-
mally altered body situated under the high-temperature vents. This might be the magnetic expression of
the lateral migration of hydrothermal ﬂuids with signiﬁcant mixing with cold seawater, supporting an area
of widespread diffuse venting characterized by cracks and the accumulation of iron-rich silicate deposits
[Embley et al., 1990; Hammond, 1990]. The shape of this lateral upﬂow zone is similar to the Brothers
Volcano hydrothermal system in the Kermadec arc [e.g., de Ronde et al., 2005; Embley et al., 2012], where dif-
fuse vent sites are deﬁned by subseaﬂoor demagnetized regions which are shallow, inclined conduits that
merge with vertical, pipe-like demagnetized conduits underlying the focused, high-temperature vent sites
[Caratori Tontini et al., 2012b].
The natural decay of the magnetic anomalies amplitude with increasing altitude above the seaﬂoor in
Figure 3 is accompanied by a northwest oriented migration and mixing with a lateral negative anomaly,
which is only partly visible on the grids. The persistence of this anomaly at higher altitudes implies that
it is generated by a deeper source. Additional data collected on a larger area are required to properly
deﬁne and interpret this anomaly. One possible explanation is that it may represent a deeper connection
with the caldera wall faults located west of the ASHES vent site, which provides a deep pathway for
the upﬂow of hydrothermal ﬂuids from the magma chamber and water/rock reaction zone under
Axial Seamount.
Figure 4. Three-dimensional model of the ASHES vent ﬁeld (UTM zone 9 N projection, coordinates and depth units are m).
A demagnetized zone is enclosed by the blue isosurface (5 A/m magnetization), while the white dots represent the
high-temperature vents described in Figure 2. (a) Plan view, (b) view from the west, (c) view from the south, and (d) view
from southeast.
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3. Conclusion
The analysis of seaﬂoor magnetic anomalies provides an effective tool to determine the geometry of upﬂow
zones underlying hydrothermal vents. However, the depth resolution is limited by the natural decay of the
magnetic ﬁeld with increasing distance from the source. This effect can be clearly seen at the ASHES vent
ﬁeld, where magnetic data collected by an AUV utilizing excellent navigational control, using different grids
at different altitudes above the seaﬂoor, show a dramatic reduction of information once altitudes of 40–60m
above the seaﬂoor are reached.
At ASHES it was possible to map the hydrothermal vent site with the necessary resolution because of the rela-
tively ﬂat bathymetry in the survey area. In other places, such as submarine volcanoes in subduction-related
volcanic arcs, this is complicated by the rough terrain. Our results show that in order to detect and map in
detail a hydrothermal site of similar size to ASHES, an altitude of 10–20m above the seaﬂoor is required
for the best precision and accuracy of the magnetic anomaly which then means that a much smaller area will
be convered during each AUV dive.
The ASHES 3-D magnetization model obtained from inversion of the magnetic data clearly shows the pre-
sence of a demagnetized region underlying the high-temperature vent sites. The shape of the demagnetized
body suggests that a structural component parallel to rifting is driving the development of the high-
temperature venting site. The depth resolution of the magnetic anomalies and the location close to the
caldera faults suggests that the ASHES vent ﬁeld is also structurally controlled by faulting along the caldera
walls which provide deep pathways for the upﬂow of hydrothermal ﬂuids from the reaction zone.
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